A novel human recombinant adenovirus of species A (HAdV-A31 MZ) was isolated from a patient with acute gastroenteritis in Japan. The complete genome of HAdV-A31 strain MZ contains 33 776 bp. Analysis of the hexon gene of HAdV-A31 MZ indicated that its hexon sequence is the result of a genetic recombination between those of HAdV-A31 and a close relative to HAdV-A12. The recombination sites were found around the border of hypervariable loops 1 and 2 in the hexon gene, which are the most important determinants for virus neutralization. Loops 1 and 2 of this virus were genetically related to HAdV-A12, whereas all other parts of the genome were highly similar to HAdV-A31. In order to understand the evolution of adenoviruses correctly and to avoid misidentification of HAdV types, we recommend characterizing not only the hexon gene, but also the penton base and fiber genes.
Adenoviruses (AdVs) have been classified into five genera: Atadenovirus, Aviadenovirus, Mastadenovirus, Siadenovirus and Ichtadenovirus (Benkő et al., 2000 (Benkő et al., , 2002 Davison et al., 2003; Kovács et al., 2003; Shenk & Horwitz, 2001; Wold & Horwitz, 2007) . AdVs were first isolated in 1953 from human adenoids (Hilleman & Werner, 1954; Rowe et al., 1953) . Human AdVs (HAdVs), which belong to the genus Mastadenovirus, are classified into 58 types in seven species (A-G) on the basis of restriction endonuclease digestion patterns, serology and genome sequence analysis. Recently, fullgenome sequence acquisition of viruses has been made possible by progress in sequencing technology (Morozova & Marra, 2008) . AdVs cause a broad spectrum of diseases, such as the associations of HAdV-D8, -D19 and -D37 infections with keratoconjunctivitis (Robinson et al., 2008 , of HAdV-B3, -B7, -B14, -B21, -C1, -C2, -C5 and -E4 infections with acute respiratory diseases (Dingle & Langmuir, 1968) , and of HAdV-A31, -F40, -F41 and -G52 infections with acute gastroenteritis (Jones et al., 2007) , depending on the organotropism and virulence of HAdV types. Additionally, disseminated AdV infections occur frequently in immunosuppressed patients following paediatric stem-cell transplantations. Although such infections are mainly caused by HAdV species C, HAdV-A31 has also been detected after allogeneic haematopoietic stem-cell transplantations (Kampmann et al., 2005; Seidemann et al., 2004; Venard et al., 2000; Walls et al., 2003) . AdV is a non-enveloped virus with a dsDNA genome of 26-45 kb encapsulated in an icosahedral capsid of 70-100 nm diameter. The capsid is mainly composed of penton base, hexon and fiber. The components of the virus capsid are (i) 12 fibers, which are involved in cellular attachment by interaction with the coxsackie-adenovirus receptor (CAR), CD46 or sialic acid, (ii) 12 penton bases that are associated with cellular internalization by binding to the ab-integrins, and (iii) 240 hexons comprising 919-968 aa (Shenk & Horwitz, 2001) . Genome organization is similar among all HAdV types (Davison et al., 2003; Kovács et al., 2005; Lauer et al., 2004) .
Recombination, which is an important process in virus evolution, is a well-known feature of AdV genetics. Generally, AdV recombination occurs frequently between strains of the same species (Lukashev et al., 2008) . Although some previous studies have provided evidence for the mechanisms of recombination in HAdVs (Crawford-Miksza & Schnurr, 1996b; de Jong et al., 1983; Lukashev et al., 2008; Mautner & Boursnell, 1983; Mautner & Mackay, 1984; Walsh et al., 2009; Williams et al., 1975; Young & Silverstein, 1980; Young et al., 1984; Zhu et al., 2009) , further studies are essential to understand the mechanisms fully.
In 2004, an interesting AdV strain (HAdV-31 MZ) was isolated from a patient with gastroenteritis in Maizuru city, Kyoto, Japan. We found a possible intraspecies recombination event between HAdV-A12 and HAdV-A31 based on hexon and fiber gene sequence analyses. In order to characterize this unique recombinant HAdV strain, we sequenced its complete genome.
The virus was propagated in the A549 cell line, which was maintained in minimal essential medium supplemented with 1 % FBS (Cansera International Inc.). The culture was observed for 3-4 weeks for the appearance of cytopathic effect (CPE). After CPE was fully developed, cells were broken down by a freezing-thawing procedure to obtain viruses. The cell lysate was centrifuged at 1430 g at 4 u C for 20 min. Then, the supernatant was centrifuged at 72 000 g at 4 u C for 3 h. The pellet was suspended in 50 ml sterile water and kept at 4 u C for 1 day. Thereafter, 800 ml TES buffer (Tris/HCl, EDTA, SDS), 200 ml NaCl (5 M) and 10 ml proteinase K (20 mg ml 21 ) were added and the mixture was heated at 50 u C for 1 h. DNA was extracted by phenol/ chloroform/isoamyl alcohol (25 : 24 : 1) (Invitrogen) and precipitated by isopropyl alcohol.
For PCR amplification, the previously published genome sequence of HAdV-A31 (Hofmayer et al., 2009 ) was used to design new PCR primers for the amplification of genome fragments of HAdV-A31 MZ. PCRs were performed with a Veriti 96-well thermal cycler (Applied Biosystems) in a total volume of 50 ml, with 20 pmol ml 21 of each primer, 2.5 mM dNTPs, 1.25 U Ex Taq (TaKaRa) and 5 ml DNA template. Primer sequences and thermal cycling conditions are indicated in Supplementary Table S1 (available in JGV Online).
Complete genome sequencing of HAdV-A31 strain MZ was performed by a DNA-sequencing service (Greiner Bio-One, Tokyo, Japan) and by primer walking. For the terminal genome sequence, the 59 terminus of the full-length DNA was phosphorylated with 20 U T4 polynucleotide kinase and 0.5 ml 100 mM ATP. After a blunt EcoRI/NotI/BamHI adaptor (1 pmol ml
21
) was ligated at 8 u C for 1 h by using a DNA Ligation Kit 'Mighty Mix' (TaKaRa), PCRs with primer pairs containing the adaptor sequence were carried out as described above. Cycle sequencing was conducted with a Genome Lab DTCS Quick Start kit (Beckman Coulter) with a total of 30 cycles at 96 u C for 20 s, 40-50 u C for 20 s and 60 u C for 4 min, and sequence data were analysed on a CEQ 2000XL DNA Analysis system (Beckman Coulter). DNA sequences were assembled with CEQ 2000XL DNA Analysis system software (version 4.3.9; Beckman Coulter).
The HAdV-A31 MZ genome sequence was 33 776 bp in length and had an overall base composition of A at 27.40 mol%, T at 26.14 mol%, G at 22.99 mol% and C at 23.46 mol%. The G+C content was 46.45 mol%. The inverted terminal repeat sequence for HAdV-A31 MZ was 148 bp in length.
Sequence similarities were calculated with GENETYX version 7 (Genetyx). Sequence similarities between capsids of HAdV-A31 MZ and HAdV-A reference strains are shown in Table 1 . The hexon gene of HAdV-A31 MZ had a low sequence similarity at 86.4 or 87.9 % to those of HAdV-A12 or HAdV-A31, respectively, while the hexon protein of HAdV-A31 MZ shared a high similarity (95.2 %) with that of HAdV-A12. The penton base and fiber sequences of HAdV-A31 MZ showed closest similarities to those of HAdV-A31 at both the nucleotide and amino acid levels (Table 1 ).
The mVISTA Limited Area Global Alignment of Nucleotides (LAGAN) tool (http://genome.lbl.gov/vista/index.shtml) was used to align and compare the whole recombinant HAdV-A31 MZ genome with the other three complete genome sequences of HAdV-A strains (HAdV-A12, HAdV-A18, HAdV-A31) (Sprengel et al., 1994; Walsh et al., 2010b) . Analysis of the coding regions other than the hexon gene revealed that the HAdV-A31 MZ strain showed the closest genetic relationship to the HAdV-A31 reference strain. However, the hexon gene of the HAdV-A31 MZ sequence was related more closely to the HAdV-A12 reference strain (Fig. 1a) .
The phylogenetic relationships of HAdV-A31 MZ and HAdV-A, B, C, D, E, F and G reference strains were investigated. Phylogenetic trees with 1000 bootstrap resamplings of the nucleotide alignment datasets were generated using the neighbour-joining method with CLUSTAL W. Genetic distance was calculated using Kimura's twoparameter method. It was found that the complete genome of HAdV-A31 MZ had the closest phylogenetic relationship to HAdV-A31 (Fig. 1b) , whereas loops 1 and 2 clustered with HAdV-A12 (Fig. 1c) . However, HAdV-A31 MZ was 18.6 % distant from HAdV-A12 in loops 1 and 2.
The possible recombination site in the hexon gene of HAdV-A31 MZ was determined by using the SimPlot program (version 3.5.1; http://sray.med.som.jhmi.edu/ SCRoftware/simplot/). DNA and protein sequence alignments were created by using DNASIS Pro (version 2.0; Hitachi Solutions). Similarity and bootscan analyses revealed a recombination event around the border of loops 1 and 2 in the hexon protein. An informative-site analysis also demonstrated that the recombination breakpoints of HAdV-A31 MZ were located at nt 363-381 and 1268-1311 from the start codon of the hexon gene (P,0.001) (data not shown). Interestingly, the similarity to HAdV-A12 was 80-90 % in loops 1 and 2. Although HAdV-A31 MZ was highly similar to the HAdV-A31 reference sequence in the framework regions surrounding loops 1 and 2, the amino Novel recombinant adenovirus acid sequences of HAdV-A31 MZ in loops 1 and 2 were different from those of both HAdV-A12 and HAdV-A31 (Fig. 2) .
In the present study, we revealed the existence of recombination between HAdV species A in the capsid hexon gene. Loops 1 and 2 of the hexon gene of HAdV-A31 MZ clustered genetically with HAdV-A12, whereas other regions of the HAdV-A31 MZ genome were similar to those of HAdV-A31. However, loops 1 and 2 of HAdV-A31 MZ had low similarities to those of HAdV-A12 in the SimPlot analysis. The nucleotide BLAST analysis also revealed a low similarity of 84 % to the prototype HAdV-A12. These results suggest that the HAdV-A31 MZ hexon derives from an unknown close relative or molecular ancestor of HAdV-A12. In previous studies, the hexon protein was divided into eight conserved domains and seven hypervariable regions (HVRs) on the basis of the available HAdV sequence information (Crawford-Miksza & Schnurr, 1996a; Philipson & Pettersson, 2004) . Reports have suggested that the conserved regions are crucial for differentiation of HAdVs into species A-G, whereas the variable regions are involved in the characterization of genotypes within the same species (Ebner et al., 2005) . Loops 1 and 2 of the hexon protein are projected away from the virus surface (Athappily et al., 1994; Roberts et al., 1986) and contain genotype-specific epitopes (Wohlfart, 1988) , such as the e determinant, which is responsible for the neutralization properties (Gall et al., 1998) encoded by HVRs of the hexon gene (Crawford-Miksza & Schnurr, 1996a) . A study from China also reported the detection of a recombinant strain of HAdV-B55 with hexon recombination between HAdV-B11 and HAdV-B14 (Walsh et al., 2010a) , which may suggest that the hexon region is a recombination hot spot that is crucial for HAdV evolution. Furthermore, the hexon recombination sites of HAdV-D53, HAdV-B55 and HAdV-D56 were detected in conserved sequences surrounding loops 1 and 2 (Robinson et al., 2011; Walsh et al., 2009 Walsh et al., , 2010a . In our study, the recombination breakpoints of HAdV-A31 MZ were predicted around the border of the hypervariable loops 1 and 2 in the hexon gene. These results suggest that recombination events at the border of loops 1 and 2 may be a universal mechanism of HAdVs, leading to virus recombination for the main neutralization epitope and, consequently, immune escape.
Natural recombination is generally recognized as a driving force for the evolutionary process of not only HAdVs, but also other types of virus. Furthermore, co-infection involved in long-term AdV survival after acute infection is frequently responsible for this recombination (Adrian et al., 1988) . Natural recombination of HAdV, including genetic insertions, deletions or substitutions, may increase the number of outbreaks in the future.
In conclusion, this study is the first report of recombination between HAdV-A31 and a close relative to HAdV-A12 in the capsid hexon gene. Based on these data, determination of three capsid sequences, i.e. hexon, penton base and fiber, is recommended for the correct identification of HAdV strains. Novel recombinant adenovirus
